Delayed cerebral ischemia (DCI) is at presentation a diagnosis per exclusionem, and can only be confirmed with follow-up imaging. For treatment of DCI a diagnostic tool is needed. We performed a systematic review to evaluate the value of CT perfusion (CTP) in the prediction and diagnosis of DCI. We searched PubMed, Embase, and Cochrane databases to identify studies on the relationship between CTP and DCI. Eleven studies totaling 570 patients were included. On admission, cerebral blood flow (CBF), cerebral blood volume (CBV), mean transit time (MTT), and time-to-peak (TTP) did not differ between patients who did and did not develop DCI. In the DCI time-window (4 to 14 days after subarachnoid hemorrhage (SAH)), DCI was associated with a decreased CBF (pooled mean difference À 11.9 mL/100 g per minute (95% confidence interval (CI): À 15.2 to À 8.6)) and an increased MTT (pooled mean difference 1.5 seconds (0.9-2.2)). Cerebral blood volume did not differ and TTP was rarely reported. Perfusion thresholds reported in studies were comparable, although the corresponding test characteristics were moderate and differed between studies. We conclude that CTP can be used in the diagnosis but not in the prediction of DCI. A need exists to standardize the method for measuring perfusion with CTP after SAH, and optimize and validate perfusion thresholds.
INTRODUCTION
Delayed cerebral ischemia (DCI) is a serious complication after aneurysmal subarachnoid hemorrhage (SAH), occurring mostly 4 to 14 days after the hemorrhage. 1 Clinical deterioration due to DCI can present as focal neurologic impairment, a decrease in the level of consciousness or both. 2 Symptoms of DCI can reverse or progress to cerebral infarction, which increases the risk of poor functional outcome. 3, 4 The diagnosis of DCI can be difficult, as clinical deterioration can also have other etiologies, such as hydrocephalus, rebleeding, metabolic disturbances, or infections. For guiding treatment of DCI, a diagnostic tool in the acute setting of clinical deterioration is needed, but currently, the diagnosis can only be confirmed by the identification of ischemic lesions on follow-up imaging. Previously, vasospasm on angiography or increased flow velocities on transcranial Doppler were used to diagnose DCI. However, vasospasm in the large vessels only correlates moderately with DCI. Approximately a third of patients with vasospasm develops DCI, and a third of patients with DCI has no vasospasm. [4] [5] [6] Therefore, it is important to have a diagnostic tool that investigates brain ischemia instead of vasospasm to diagnose DCI. CT perfusion (CTP) is frequently used for this purpose at the time of clinical deterioration. In addition, CTP on admission is sometimes used to determine cerebral perfusion and assess the risk of DCI during hospitalization. 7, 8 The clinical value of CTP in the prediction and diagnosis of DCI still remains unclear because of the different CTP methods used and because no single accepted and validated threshold exists. The aim of this review is to investigate the value of CTP in the prediction and diagnosis of DCI.
MATERIALS AND METHODS Search Strategy
We searched the PubMed, Embase, and Cochrane databases with the following combination of variables: SAH, CT perfusion, DCI, and cerebral infarction (for search syntax see Supplementary Data 1; last search 14 October, 2013) . Inclusion criteria were as follows: (1)X10 patients with aneurysmal SAH, defined as the presence of subarachnoid blood as shown by CT or lumbar puncture and the presence of an aneurysm on conventional CT or magnetic resonance angiography; (2) manuscript reporting original data on the relationship between DCI and perfusion as measured by CTP; (3) perfusion measured quantitatively, semi-quantitatively (comparing quantitative perfusion in (a part of) one hemisphere to the other), or visually (comparing the affected hemisphere to the contralateral side in a qualitative manner); (4) definition for DCI includes clinical symptoms; and (5) CTP scan performed o72 hours after SAH for the prediction of DCI or in the time-window of DCI (4 to 14 days after SAH) for diagnosing DCI. Both prospective and retrospective studies were included. Exclusion criteria were as follows: (1) manuscripts written in another language than English, French, or German; (2) conference abstracts; and (3) manuscripts in which definition of DCI was completely or partially dependent on CTP measurements. If several manuscripts used the same or overlapping patient populations, we included only the report with the largest population or with the most relevant information for our review. References of included articles were searched for other eligible articles.
Two reviewing authors (CHPC and EW) independently screened titles and abstracts and extracted data on study design, methodology, study population, CT perfusion technique, and outcome. In case of disagreement two other authors (ICvdS and MDIV) reviewed the title, abstract, or article and the disagreement was resolved by consensus between the four reviewers. We collected mean values of cerebral blood flow (CBF), cerebral blood volume (CBV), mean transit time (MTT), and time-to-peak (TTP) for patients with and without DCI. In addition, we collected data on thresholds of perfusion values to differentiate between DCI and non-DCI and on the diagnostic accuracy of CTP in detecting DCI. In case an article did not provide the exact data needed for the review analysis, the corresponding author was contacted by e-mail to ask for additional information. If the corresponding author did not respond to our request, a second email was sent after 4 weeks.
As many different terms are used for DCI in the literature, we considered the following terms as DCI: DCI, clinical deterioration from DCI, symptomatic vasospasm, delayed ischemic deterioration, delayed neurologic deterioration (after exclusion of non-ischemic causes of deterioration). The following terms were considered as non-DCI for the control groups: non-DCI, non-DCI-related deterioration, clinically stable, asymptomatic vasospasm, no (symptomatic) vasospasm, no delayed ischemic deterioration, no delayed neurologic deterioration.
The quality of the included articles was determined with the QUADAStool (quality assessment of diagnostic accuracy studies), with a maximum score of 12 points. 9 The questions were adapted for the specific characteristics of the current review (Supplementary Data 2). A study with a QUADAS score of 0 to 4 was considered a low-quality study, 5 to 8 an intermediate-quality study, and 9 to 12 a high-quality study.
Analyses
First, we compared means of quantitative and semi-quantitative values of CTP parameters on admission (o72 hours after ictus) between patients who did and did not develop DCI during the clinical course to investigate the predictive value of CBF, CBV, MTT, and TTP. The differences in perfusion parameters between patients with and without DCI with 95% confidence intervals (CIs) were pooled in forest plots. We pooled studies using both fixed effects and random effects models. Because a random effects model assumes that individual studies are estimating different effects, we used a random effects model for our conclusions. For the quantitative differences, we performed a sensitivity analysis, in which only high-quality studies (QUADAS score 9 to 12) were included. In addition, we collected thresholds to differentiate between DCI and non-DCI patients with their test characteristics. Subsequently, we performed similar analyses on the diagnostic value of CTP in the time-window that DCI develops (4 to 14 days after ictus).
RESULTS
The search strategy yielded 497 articles, of which 11 were included with a total of 570 patients ( Figure 1 ). Additional data on definitions and perfusion values were obtained from eight (of 10 requested) studies. [6] [7] [8] [10] [11] [12] [13] [14] Characteristics of the included studies and the definitions used for DCI and control patients are shown in Table 1 . Median number of patients per study was 46 (range 19 to 96). Six studies (55%) fulfilled the criteria for high-quality studies.
Both for predicting and diagnosing DCI, quantitative, semiquantitative, visual assessments, or a combination of methods had been used. Eight of the nine studies using quantitative assessments reported mean perfusion values [6] [7] [8] [10] [11] [12] 15, 16 and one gave the lowest values in predefined regions of interest (ROIs). 17 In six studies, all ROIs were used in the analyses, 7, 10, 12, [15] [16] [17] whereas two other studies only used the ROIs with lowest CBF or CBV and highest MTT or TTP. 6, 8 Of these last two studies, we obtained additional information on the mean values of all ROIs together and included these values in the quantitative analyses. One of the nine studies used only the affected ROIs in patients with a perfusion deficit and all ROIs in patients without a perfusion deficit. 11 Perfusion thresholds were determined in two studies 7, 8 for predicting DCI and in three studies for diagnosing DCI. 6, 11, 17 CT Perfusion and Prediction of Delayed Cerebral Ischemia Four studies with 153 patients investigated the relationship between perfusion on admission and later development of DCI. 7, 8, 10, 13 Three studies determined CBF, CBV, MTT, and TTP quantitatively (Table 2, Figure 2 ). 7, 8, 10 Cerebral blood flow, CBV, MTT, and TTP on admission did not differ between patients who later developed DCI and those who did not develop DCI. One study with 46 patients not only reported quantitative data but also semi-quantitative data ( Table 3 ). 8 Although quantitative measurements on admission did not reveal differences between DCI and non-DCI patients in this study, semi-quantitative assessments showed a significantly decreased CBF and CBV and increased MTT and TTP in DCI patients compared with non-DCI patients ( Table 3 ). Another study with 41 patients evaluated perfusion visually on the different color maps and found that DCI was significantly related to hypoperfusion on CTP, without specification of perfusion parameters. 13 Sensitivity Analyses for Predicting Delayed Cerebral Ischemia In the sensitivity analyses with only high-quality studies (n ¼ 2), 8, 10 the pooled mean differences between DCI and non-DCI patients were for CBF À 5.4 mL/100 g per minute (95% CI: À 16.8 to 6.1), for CBV À 0.4 mL/100 g (95% CI: À 1.1 to 0.4), for MTT 0.0 seconds (95% CI: À 0.7 to 0.6), and for TTP À 0.3 seconds (95% CI: À 2.4 to 1.9). 
Thresholds and Test Characteristics for Predicting Delayed Cerebral Ischemia
Two studies with 85 patients in total investigated perfusion thresholds on admission for predicting DCI (Table 5 ). 7, 8 The first study 7 used a quantitative diagnostic threshold (mean MTT of 5.9 seconds) obtained in a previous study 6 and found a sensitivity of 47% and a specificity of 100%. The second study 8 derived optimal semi-quantitative thresholds by seeking the best tradeoff between highest possible sensitivities and specificities of the threshold values. Optimal thresholds were as follows: a CBF ratio of 0.72 (sensitivity 75%, specificity 93%); a CBV ratio of 0.78 (sensitivity 75%, specificity 70%); a MTT difference of 0.87 seconds (sensitivity 75%, specificity 70%); and a TTP difference of 1.0 seconds (sensitivity 75%, specificity 90%).
CT Perfusion and Diagnosis of Delayed Cerebral Ischemia
Eight studies with a total of 444 patients studied the diagnostic value of perfusion measured with CTP in the time-window of DCI. 6,10-12,14-17 From five studies, we obtained data on quantitative means of CBF, CBV, and MTT (Table 4, Figure 3 ). 6, [10] [11] [12] 16 The pooled analysis showed that DCI patients had a significantly lower CBF (pooled mean difference À 11.9 mL/100 g per minute (95% CI: À 15.2 to À 8.6)) and higher MTT (pooled mean difference 1.5 seconds (95% CI: 0.9-2.2)) compared with non-DCI patients. Cerebral blood volume was similar in both groups. Only two studies reported on TTP, which did not differ between DCI and non-DCI patients. 6, 10 Two studies did not provide crude data on quantitative means of perfusion parameters that could be used in the metaanalysis. 15, 17 Nonetheless, both studies reported similar findings as above: CBF was significantly lower and MTT higher in patients with DCI. Cerebral blood volume was reported in one study and was comparable in DCI and non-DCI patients. 15 Time-to-peak was not reported in both studies.
Two studies reported semi-quantitative data, 6, 14 including one study that also reported quantitative data. 6 The first study did not find significant differences in CBF, CBV and TTP values between DCI and non-DCI patients in the time-window of DCI (Table 3 ). 14 The second study found that although quantitative perfusion parameters were not different between DCI and non-DCI patients, semi-quantitative CBF and CBV values were significantly decreased and MTT and TTP significantly increased in DCI patients (Table 3 ). 6 Sensitivity Analyses for Diagnosing Delayed Cerebral Ischemia In the analyses with only high-quality studies (n ¼ 4), 6, 10, 11, 16 the pooled mean differences between DCI and non-DCI patients were for CBF À 10.6 mL/100 g per minute (95% CI: À 15.4 to À 5.7), for CBV À 0.1 mL/100 g (95% CI: À 0.3 to 0.1), for MTT 1.3 seconds (95% CI: 0.3-2.4), and for TTP 0.3 seconds (95% CI: À 1.5 to 2.0).
Thresholds and Test Characteristics for Diagnosing Delayed Cerebral Ischemia
Three studies including 227 patients investigated optimal quantitative thresholds for diagnosing DCI (Table 5) . 6, 11, 17 Two studies derived optimal thresholds by seeking the best tradeoff between highest possible sensitivities and specificities of the Figure 2 . Differences in means of perfusion parameters on admission in patients who did and did not develop delayed cerebral ischemia (DCI). Differences in cerebral blood flow (CBF) (A), cerebral blood volume (CBV) (B), mean transit time (MTT) (C), and time-to-peak (TTP) (D) between patients who did and did not develop DCI. CI, confidence interval.
threshold values. 6, 11 One study did not report a definition of their optimal thresholds. 17 For CBF, the studies found optimal thresholds of 36.3 mL/100 g per minute (sensitivity 74%, specificity 63%) 6 and 30.5 mL/100 g per minute (sensitivity 78%, specificity 70%), 11 and a minimal CBF threshold of 25 mL/100 g per minute (sensitivity 73%, specificity 76%). 17 The latter study investigated minimal CBF values per ROI (instead of mean values per ROI). Only one study determined an optimal CBV threshold (2.78 mL/100 g, sensitivity 52%, specificity 63%), and TTP threshold (25.2 seconds, sensitivity 54%, specificity 63%). 6 Three studies determined optimal MTT thresholds ranging from 5.0 seconds (sensitivity 72%, specificity 70%), 11 5.85 seconds (sensitivity 70%, specificity 77%), 6 to a maximal MTT threshold of 6.5 seconds (sensitivity 71%, specificity 81%). 17 In the last study, maximal MTT values per ROI (instead of mean values per ROI) were determined. One study determined both quantitative and semi-quantitative thresholds. 6 The semiquantitative thresholds were a CBF ratio of 0.77 (sensitivity 76%, specificity 63%), a CBV ratio of 0.80 (sensitivity 64%, specificity 63%), an MTT difference of 1.08 seconds (sensitivity 80%, specificity 63%), and a TTP difference of 0.99 seconds (sensitivity 70%, specificity 66%).
DISCUSSION
The results of this systematic review show that CTP on admission cannot be used reliably to predict DCI. However, at the time of clinical deterioration, patients with DCI had a significantly decreased CBF and an increased MTT compared with patients without DCI using quantitative assessments. For diagnosing DCI, quantitative thresholds for CBF ranged from 25 to 36.3 mL/100 g per minute (with sensitivity ranging from 73% to 78% and specificity ranging from 63% to 76%) and for MTT from 5.0 to 6.5 seconds (with sensitivity ranging from 70% to 72% and specificity ranging from 70% to 81%). The present review differs from previous reviews. In one review, the diagnostic accuracy of CT angiography and CTP for cerebral vasospasm instead of DCI was studied. 18 Although that metaanalysis included 10 studies, only three studies could be used for the statistical analysis because of inappropriate data (studies that did not report the actual data from a 2 Â 2 table or enough data to reconstruct a 2 Â 2 table were excluded from the statistical calculations). Another review on the role of clinical assessment, transcranial Doppler, CT angiography, and CTP in the detection and monitoring of vasospasm and DCI included a summary on the test characteristics of five studies on the relationship between CTP and DCI, without comparing means of perfusion parameter or pooling the data. 19 In the present review, we included more studies and also compared quantitative and semiquantitative means, thresholds and test characteristics, and performed pooled analyses.
Based on our results, CTP on admission is not useful to predict DCI in clinical practice. A recent study showed that the amount of blood on admission non-contrast CT in combination with an MTT increase on admission CTP correlated with the development of cerebral infarction due to DCI. 20 This suggests that the combination of CTP and non-contrast CT might be a better predictor for DCI than CTP alone.
We showed that in the time-window of DCI (4 to 14 days after SAH) patients with DCI have a decreased CBF and an increased MTT compared with non-DCI patients. Therefore, CTP might be helpful in determining the cause of clinical deterioration in patients with SAH. When evaluating the diagnostic thresholds for CBF and MTT, these thresholds were reasonably comparable, but with varying sensitivities and specificities. As most of these test characteristics show moderate sensitivities and specificities, there is still no single threshold that can be used in the diagnostic process of DCI. The studies included in this review used different software packages and different methods of measuring perfusion. Therefore, our data emphasize the need to standardize the method and software for measuring perfusion with CTP in patients with SAH, so that more precise perfusion thresholds can be determined for diagnosing DCI.
As most patients with DCI have vasospasm in large cerebral arteries, these patients often have high-flow velocities on transcranial Doppler examination. 21, 22 These increased flow velocities are in contrast with the observed decreased CBF on CTP in patients with DCI. This paradox can be explained by the measurement of blood flow in different vascular beds. Transcranial Doppler measures flow in the large proximal cerebral arteries whereas CTP measures blood flow at tissue level. The decreased CBF in patients with DCI supports alternative hypotheses for the pathogenesis of DCI such as microvascular spasm due to disturbed autoregulation, microthrombosis, and cortical spreading ischemia. [23] [24] [25] Some limitations need to be addressed. First, many different terms and definitions for DCI were used in the included studies. Nevertheless, most definitions of these terms were comparable with the definition that was recently proposed by an international multidisciplinary research group. 2 Therefore, despite differences in terminology, the similarity in definitions allowed us to pool data on DCI. Second, the studies included in this review used different methods for measuring perfusion. Some studies measured means in predefined ROIs, whereas another study measured the lowest values in predefined ROIs. In addition, most studies used quantitative measurements whereas some studies also used semi-quantitative values. Other studies also determined perfusion by visual assessment. A recently published review on definitions and thresholds for different states of ischemia in patients with acute ischemic stroke concluded, in line with our findings, that there is a considerable heterogeneity in definitions of outcome measures and perfusion analysis methods. 26 In acute ischemic stroke, median threshold values varied up to fourfold. However, the range in thresholds found in our review for predicting or diagnosing DCI was considerably smaller. Third, the control patients differed between various studies. Some studies used SAH patients with clinical deterioration due to other causes as reference and some studies used clinically stable patients as reference group. In addition, in some studies, the reference group was not even described. Fourth, in some studies, the numbers of patients with and without DCI were comparable, which suggests that patients were selectively included in the study, because in clinical practice the patients without DCI outnumber those with DCI. This could have influenced the results of that specific study. Fifth, in most studies, positive predictive values and negative predictive values were not given. Based on the current findings, CTP on admission cannot be used reliably to predict DCI. However, CTP might be helpful in determining the cause of clinical deterioration within the timewindow of DCI, as patients with clinical deterioration due to DCI have a decreased CBF and an increased MTT compared with patients without DCI. Our data emphasize the need to standardize the method for measuring perfusion with CTP in patients with SAH, so that more precise perfusion thresholds can be determined for diagnosing DCI. In addition, future studies are necessary to validate thresholds and to investigate differences in perfusion thresholds for reversible and irreversible DCI.
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